Autophagy is a conserved process in which cytoplasmic components are sequestered for degradation in the vacuole/lysosomes in eukaryotic cells. Autophagy is induced under a variety of starvation conditions, such as the depletion of nitrogen, carbon, phosphorus, zinc, and others. However, apart from nitrogen starvation, it remains unclear how these stimuli induce autophagy. In yeast, for example, it remains contentious whether autophagy is induced under carbon starvation conditions, with reports variously suggesting both induction and lack of induction upon depletion of carbon. We therefore undertook an analysis to account for these inconsistencies, concluding that autophagy is induced in response to abrupt carbon starvation when cells are grown with glycerol but not glucose as the carbon source. We found that autophagy under these conditions is mediated by nonselective degradation that is highly dependent on the autophagosome-associated scaffold proteins Atg11 and Atg17. We also found that the extent of carbon starvationinduced autophagy is positively correlated with cells' oxygen consumption rate, drawing a link between autophagy induction and respiratory metabolism. Further biochemical analyses indicated that maintenance of intracellular ATP levels is also required for carbon starvation-induced autophagy and that autophagy plays an important role in cell viability during prolonged carbon starvation. Our findings suggest that carbon starvation-induced autophagy is negatively regulated by carbon catabolite repression. . 2 The abbreviations used are: PAS, preautophagosomal structure; AID, auxininducible degron; IAA, indole-3-acetic acid; TEM, transmission electron microscopy.
Autophagy is a conserved process in which cytoplasmic components are sequestered for degradation in the vacuole/lysosomes in eukaryotes. During autophagy, a portion of the cytoplasm is sequestered into a double-membrane structure known as the autophagosome, which is subsequently delivered to the vacuole and degraded by a variety of vacuolar hydrolases. The resulting metabolites are recycled for use as inputs in cellular metabolism, including energy generation and the biosynthesis of proteins and membranes (1) . Thus, defects in autophagy are known to cause aberrations in differentiation and development in yeast, nematodes, flies, and mice and have been implicated in a range of human diseases (2) (3) (4) . In the yeast Saccharomyces cerevisiae, autophagy is particularly critical for the maintenance of cell viability during starvation, as well as the sporulation of cells (2, 5, 6) . These observations underscore the fundamental yet incompletely characterized role of autophagy in cells.
Previous studies in yeast have identified ϳ40 autophagy-related (Atg) proteins. Of these, 18 proteins are required for the formation of autophagosomes (Atg1-10, -12-14, - 16 -18, -29, and -31) . A subset of "core" Atg proteins localizes to the preautophagosomal structure (PAS), 2 from which the autophagosome is generated (7, 8) . The concerted function of these core Atg proteins is essential for the progression of the two broad classes of autophagy that have been described: bulk and receptor-mediated autophagy. Bulk autophagy involves the sequestration and degradation of cytoplasmic components in response to starvation (9) . In contrast, receptor-mediated autophagy refers to the marking by receptor proteins of specific targets, including aggregated proteins and damaged or over-abundant organelles, which are subsequently sequestered and degraded by the core autophagy machinery (10) . The degradation of specific targets, such as mitochondria and peroxisomes, is collectively known as selective autophagy.
This diversity in function of the core autophagy machinery is afforded by scaffold proteins, which are employed by the cell to facilitate appropriate PAS formation and autophagy progression in response to cellular requirements. When bulk autophagy is induced, the Atg17-Atg29 -Atg31 complex acts as an essential scaffold during autophagosome formation (11, 12) . In contrast, cells require Atg11 as a scaffold protein to form the autophagosome during receptor-mediated autophagy (13, 14) . In the latter case, Atg11 acts as an adapter protein, bringing cellular material marked for degradation by receptor proteins (including Atg19, Atg34, Atg32, Atg33, Atg36, Atg39, and Atg40) (15) (16) (17) (18) (19) . The Atg17-Atg29 -Atg31 complex and Atg11 thereby allow autophagy to act as a concerted degradation program within the cell. Thus, the deletion of Atg17 blocks bulk autophagy but not selective autophagy in cells (16) . Meanwhile, the deletion of Atg11 results in the suppression of receptormediated autophagy but has only a marginal effect on the degradation of cytoplasmic components via bulk autophagy (20) .
Carbon, which is essential for all living organisms, is the primary element of all classes of organic macromolecules, and its metabolism is central to the generation of energy (in the form of ATP). As a heterotroph, yeast assimilates a broad range of carbon sources. Of these, the monosaccharide glucose is the most preferred carbon source for S. cerevisiae and is metabolized by glycolysis without entering the tricarboxylic acid cycle, instead being diverted to ethanol production (alcoholic fermentation). The presence of a sufficient concentration of glucose results in the stringent repression of gene expression required for utilization of alternative carbon sources and respiration, a phenomenon known as catabolite repression. The presence of sufficient glucose therefore results in the generation of ATP almost exclusively from glycolysis rather than mitochondrial respiration, even when alternative carbon sources are available (21) . In contrast, the absence of glucose results in the "derepression" of gene expression required for the catabolism of alternative sources such as glycerol, ethanol, acetate, and lactate and the acquisition of mitochondrial respiration (22) .
The regulation of autophagy is closely linked to the metabolic state of the cell. The induction of autophagy has been described in response to a variety of nutrient starvation conditions, such as the depletion of nitrogen, carbon, sulfur, phosphorus, and zinc (9, 23, 24) . Although the regulation and signaling responsible for nitrogen starvation-induced autophagy are relatively well-characterized, the mechanistic bases of autophagy induction in response to other starvation conditions are not well understood. A range of studies suggest that carbon starvation is able to induce autophagy (9, (25) (26) (27) (28) . However, a recent study contends that autophagy induction is blocked in cells subjected to carbon starvation and instead nutrients are replenished via endocytosis as a substitute for autophagy under these conditions (29) . In addition, it has been shown that autophagy may be dispensable for cell survival during carbon starvation (29, 30) . Thus, it remains contentious whether autophagy is induced under carbon starvation conditions. In this work, we investigate the effect of various growth conditions on carbon starvationinduced autophagy.
Results

Autophagy is induced in cells grown in glycerol medium but not in glucose medium in response to carbon starvation
In this study we employed an assay in which cells were initially grown on synthetic media, comprising a source of carbon, casamino acids, and ammonium sulfate, before being subjected to carbon starvation, whereby cells were transferred to the same medium lacking a source of carbon.
Using this approach, we examined cleavage of GFP-Atg8 and Ape1 maturation ( Fig. 1A ). Atg8 is recruited at the PAS and isolation membrane via lipidation during autophagosome formation. Following its incorporation into the autophagosomes, Atg8 is transported to the vacuole and degraded by vacuolar hydrolysis. Therefore, autophagy induction can be analyzed by detecting free GFP accumulating following cleavage of GFP-Atg8 (31) . Ape1 is a cargo protein for the cytoplasm to vacuole targeting pathway and autophagy. Thus, Ape1 is transported to the vacuole via autophagy during starvation conditions, where it is converted from the proform (pApe1) to the mature form (mApe1) by vacuolar hydrolases (15) .
In wild-type cells (BY4741) grown in glucose medium, we observed neither induction of autophagy nor any increase in Ape1 maturation when cells were subjected to carbon starvation ( Fig. 1A, left) . This result is consistent with previously reported data (29) . We also observed that in cells subjected to carbon starvation, the expression of both GFP-Atg8 (under the control of its endogenous promotor) and Ape1 did not increase ( Fig. 1A, left) . However, autophagy was induced when cells grown in glycerol medium were subjected to carbon starvation ( Fig. 1A, right) . This autophagy was completely dependent on Atg1, suggesting the involvement of the canonical autophagy mechanism ( Fig. 1A) . We also observed that carbon starvationinduced autophagy requires the individual functions of Atg1, Atg2, Atg7, Atg9, and Atg14, which are representative for each functional unit of the core Atg machinery (Fig. 1B ). In addition, cells grown in glycerol medium showed consistently high expression levels of both GFP-Atg8 and Ape1 compared with the expression levels of these proteins in glucose-grown cells (Fig. 1A, right) .
We further tested whether this phenotype is reproduced in an alternative strain background. We also observed autophagy induction upon carbon starvation when prototrophic X2180-1 cells were grown in glycerol medium but not glucose medium a t g 1 Δ a t g 2 Δ a t g 7 Δ a t g 9 Δ a t g 1 4 Δ atg1Δ atg1Δ Figure 1 . Autophagy is induced in glycerol-grown cells in response to carbon starvation. A, WT and atg1⌬ cells expressing GFP-Atg8 grown in glucose or glycerol medium were subjected to carbon starvation. The cleavage of GFP-Atg8 and Ape1 maturation at the indicated time was assessed by immunoblotting with antibodies against GFP, Ape1, and Pgk1. Pgk1 was used as a loading control. B, WT, atg1⌬, atg2⌬, atg7⌬, atg9⌬, or atg14⌬ cells expressing GFP-Atg8 grown in glycerol medium were subjected to carbon starvation. Immunoblotting was performed as described in A. C, WT or atg1⌬ cells expressing GFP-Atg8 grown in glucose or glycerol medium were exposed to carbon starvation. Immunoblotting was performed as described in A.
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( Fig. 1C ), reproducing our observations in BY4741 cells ( Fig.  1A) .
These results indicate that carbon starvation-induced autophagy following growth in the presence of glycerol but not glucose is not unique to BY4741 and is unrelated to the auxotrophy of the cells.
Behavior of Atg proteins under carbon starvation
Next, we examined the localization of Atg proteins by fluorescence microscopy when cells grown in glucose or glycerol medium were subjected to carbon starvation conditions. In glucose-grown cells, GFP-Atg8 displayed a diffuse cytosolic pat-tern under growing conditions ( Fig. 2A) . When subjected to carbon starvation, GFP fluorescence was not observed in the vacuole, rather accumulating as multiple puncta that are morphologically distinct from a typical PAS, even following 5 h of starvation (Fig. 2, A and B) . Similarly, most other Atg proteins also accumulated to multiple punctate structures in the cytoplasm ( Fig. 2B and supplemental Fig. S1 ). In contrast, cells grown in glycerol medium formed a single GFP-Atg8 dot structure per cell adjacent to the vacuole when subjected to carbon starvation, strongly suggesting PAS formation ( Fig. 2A ). The number of cells with this GFP-Atg8 dot structure increased in A, cells expressing GFP-Atg8 grown in glucose or glycerol medium were exposed to carbon starvation for 1 h before fluorescence images were acquired. The number of cells with the PAS (GFP-Atg8) was counted, and their percentages relative to the total numbers of cells are shown. B, cells expressing Atg2-GFP, GFP-Atg8, Atg9-GFP, Atg11-GFP, Atg14-GFP, or Atg17-GFP grown in glucose medium were exposed to carbon starvation for 5 h, and fluorescence images were then acquired. C, cells expressing GFP-Atg8 and Atg2-mCherry, GFP-Atg8 and Atg17-mCherry, Atg11-GFP and Atg17-mCherry, or Atg11-GFP and Atg2-mCherry were grown in glycerol medium and exposed to carbon starvation for 1 h before fluorescence microscopy. D, WT and atg1⌬ cells expressing GFP-Atg8 grown in glycerol medium were exposed to carbon starvation. Then, fluorescence images were acquired every 20 s at 0.-m step increments. The Z-slices were stacked. Scale bar, 5 m.
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response to carbon starvation ( Fig. 2A ). Furthermore, this dot structure colocalized with Atg2-mCherry, Atg17-mCherry, and Atg11-mCherry ( Fig. 2C ). Together, these data indicate that cells grown in glycerol medium form a PAS that facilitates autophagy induction during carbon starvation, whereas PAS formation is defective in glucose-grown cells, resulting in a failure of autophagy induction during carbon starvation.
We also observed the intracellular dynamics of GFP-Atg8 to examine the process from PAS formation to fusion of autophagosomes with vacuoles. Changes in GFP-Atg8 dot structure were observed periodically, with the dots becoming brighter, and the appearance of diffuse fluorescence within the vacuole was observed over the course of about 10 min ( Fig. 2D ; supplemental movie 1). In contrast, GFP-Atg8 dots observed in a strain lacking Atg1 moved in a random manner around the periphery of vacuole ( Fig. 2D ; supplemental movie 2). These results are consistent with descriptions of normal autophagyassociated GFP-Atg8 dynamics, as reported previously (7) . Therefore, carbon starvation-induced autophagy appears to be facilitated by the canonical autophagy mechanism, as observed under nitrogen starvation conditions in glucosegrown cells.
Atg11 is required for autophagy induction in response to carbon starvation
Previous studies have reported the induction of mitophagy in cells grown in glycerol medium (16, 17) . We therefore investigated whether mitophagy or any other selective autophagy is induced when cells grown in glycerol medium are subjected to carbon starvation. We first examined vacuolar cleavage of GFPfusion proteins for substrates of several selective autophagic pathways (mitophagy, ERphagy, and pexophagy). The vacuolar cleavage of these GFP-fusion proteins was not observed in cells exposed to carbon starvation (supplemental Fig. S2A ). In addition, the vacuolar degradation of lipid droplets was not observed (supplemental Fig. S2B ). We also examined the cleavage of GFP-Atg8 in cells lacking each receptor protein required for various forms of selective autophagy. Autophagy progressed normally in cells lacking Atg19, Atg34, Atg32, Atg33, Atg36, Atg39, and Atg40 that were subjected to carbon starvation (supplemental Fig. S2C ). Taken together, these results indicate that carbon starvation does not induce the established forms of selective autophagy.
In S. cerevisiae, the two major modes of autophagy, receptormediated and starvation-induced bulk autophagy, require the scaffold proteins Atg11 or Atg17, respectively. We next examined which of these scaffold proteins is required for carbon starvation-induced autophagy (Fig. 3A ). As expected, under carbon starvation, both autophagy induction and Ape1 maturation were blocked in cells lacking Atg17 and the core Atg protein Atg1. Autophagy was not observed in cells deleted for both Atg11 and Atg17, which are completely defective in PAS formation. However, we also found that carbon starvationinduced cleavage of GFP-Atg8 is highly dependent on Atg11 (Fig. 3A ), suggesting the involvement of this scaffold protein in addition to Atg17 during carbon starvation.
We further examined the induction of bulk autophagy using Pgk1-GFP, an established reporter on the delivery of cytosolic components to the vacuole (32) . We observed that the cleavage of Pgk1-GFP is highly dependent on Atg11, consistent with data demonstrating GFP-Atg8 cleavage ( Fig. 3C ). Microscopic examination of GFP-Atg8 further revealed that under carbon starvation conditions, the vacuolar fluorescence of GFP-Atg8 was abolished in strains deleted for Atg11, Atg17, Atg11 and Atg17, or Atg2 during the first 3 h of carbon starvation ( Fig. 3C ). Deletion of Atg11 resulted in a striking inhibition of PAS formation under these conditions, as for atg17⌬ cells (Fig. 3C ). From these analyses, we conclude that carbon starvation induces bulk autophagy that is highly dependent on Atg11.
Next, we observed autophagic bodies using transmission electron microscopy (TEM) ( Fig. 3D ). We used cells lacking Atg15, a lipase required for the degradation of autophagic bodies. Under growing conditions, spherical bodies were not observed in the vacuole of cells grown in glycerol medium. However, when subjected to carbon starvation, atg15⌬ cells displayed a large number of spherical bodies in the vacuole. In atg15⌬atg11⌬ cells, the number of spherical bodies was dramatically reduced (Fig. 3E ). In atg15⌬atg17⌬ and atg15⌬atg2⌬ cells, spherical bodies were not observed in the vacuole (Fig.  3E ), consistent with our findings that Pgk1-GFP or GFP-Atg8 do not undergo cleavage in these strains, as shown in Fig. 3 , A and B. TEM data further indicate that the morphological changes associated with microautophagy were rarely observed during carbon starvation ( Fig. 3D ). Taken together, these results indicate that carbon starvation-induced autophagy is facilitated by macroautophagy rather than microautophagy or endocytosis (supplemental Fig. S3 ).
Further examination revealed that the size of autophagic bodies in atg15⌬ cells subjected to carbon starvation was about 250 nm in diameter ( Fig. 3D ). This size is similar to that reported for the mitophagosome (200 -300 nm) rather than the diameter (300 -900 nm) of autophagic bodies observed in glucose-grown cells under conditions of nitrogen starvation (9, 16) . Examination of the content of autophagic bodies in carbonstarved atg15⌬ cells revealed that autophagic bodies contain cytoplasmic components and membrane structures of undetermined origin (Fig. 3F ). In contrast, in atg15⌬atg11⌬ cells, membrane structures were not observed in autophagic bodies ( Fig. 3F ), although the number of autophagic bodies was drastically reduced (Fig. 3E ). These results suggest that cells may use membrane structures as an initiation site from which the autophagosome originates during carbon starvationinduced autophagy.
De-repression of catabolite repression is required for autophagy induction in response to carbon starvation
We examined autophagy induction in cells grown in a range of preculture conditions comprising various fermentable (glucose, raffinose, and galactose) and non-fermentable (ethanol, acetate, lactate, and glycerol) carbon sources. As shown in Fig.  1 , autophagy was not induced in glucose-grown cells during carbon starvation ( Fig. 4A ). However, autophagy was observed when cells grown in raffinose or galactose were subjected to carbon starvation ( Fig. 4A ). Growth of cells in any of the nonfermentable carbon sources resulted in the induction of autophagy upon the onset of carbon starvation (Fig. 4A ).
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When cells are grown in the presence of glucose, the expression of a broad array of genes involved in the utilization of carbon sources other than glucose and respiration is strictly repressed, a phenomenon referred to as catabolite repression (21) . Thus, we monitored oxygen consumption rates in cells grown in medium containing different carbon sources. We observed that the extent of autophagy upon carbon starvation was positively correlated with the cellular oxygen consumption rate (Fig. 4B, upper panel) . It was further observed that the expression of Atg8 also correlated with oxygen consumption (Fig. 4B, lower panel) . These observations demonstrate a correlation between the degree of de-repression of catabolite repression and the cell's capacity to induce autophagy in response to carbon starvation.
To further investigate this probable link between catabolite repression and autophagy induction, we examined GFP-Atg8 cleavage in hxt1⌬hxt2⌬ cells, in which catabolite repression does not occur. In hxt1⌬hxt2⌬ cells, carbon starvationinduced autophagy was observed even in cells grown in glucose medium (Fig. 4C ). The elevated oxygen consumption rate was also detected when hxt1⌬hxt2⌬ cells were grown on glucose medium (Fig. 4D ). In yeast, the exhaustion of glucose leads to a metabolic reconfiguration known as the diauxic shift, whereby cells switch from the fermentation of glucose by glycolysis to a respiratory mode of growth utilizing ethanol (33) . To determine whether this metabolic change is also associated with autophagy induction upon carbon starvation, we examined GFP-Atg8 cleavage in cells at a variety of growth phases. During the log phase of growth, when glucose is still available in media, autophagy was not induced following the onset of carbon starvation ( Fig. 4E ). This inhibition of autophagy persisted until just before entering diauxic shift ( Fig. 4E , OD 600 ϭ 5.7). In contrast, our assessment of cells undergoing the diauxic shift revealed an elevation in oxygen consumption rate (supplemental Fig. S4A ) and the induction of autophagy upon carbon starvation ( Fig. 4E , OD 600 ϭ 6.5).
The expression of Atg8 was correlated with the oxygen consumption rate (Fig. 4B, lower panel) . It is known that the expression level of Atg8 controls the size of autophagosomes and extent of autophagy under nitrogen starvation conditions (34) . Thus, we examined the relationship between the level of GFP-Atg8 expression and autophagy induction. However, cells that show high expression levels of Atg8 lacking Ume6, Pho23, Rpd3, and Sin3 were not able to induce autophagy when sub- Figure 3 . Carbon starvation-induced autophagy is highly dependent on Atg11. A and B, WT, atg11⌬, atg17⌬, atg11⌬atg17⌬, or atg2⌬cells expressing GFP-Atg8 or Pgk1-GFP grown in glycerol medium were exposed to carbon starvation. The cleavage of GFP-Atg8 or Pgk1-GFP and the Ape1 maturation were analyzed by immunoblotting with antibodies against GFP, Ape1, and Pgk1. Pgk1 or actin was used as a loading control. C, WT, atg11⌬, atg17⌬, atg11⌬atg17⌬, or atg2⌬ cells expressing GFP-Atg8 grown in glycerol medium were exposed to carbon starvation for 3 h before fluorescence microscopy. Scale bars, 5 m. D, atg15⌬, atg15⌬atg11⌬, and atg15⌬atg1⌬cells grown in glycerol medium were exposed to carbon starvation for 10 h. Images were acquired by transmission electron microscopy. 
jected to carbon starvation (supplemental Fig. S4 , B-D) (35, 36) . In contrast, carbon starvation resulted in autophagy induction in cells in which an increase in both Atg8 expression and oxygen consumption rates are observed (supplemental Fig. S4 , E and F) (37) , indicating that high expression of Atg8 is not sufficient for autophagy induction in response to carbon starvation.
Snf1 activity is required for autophagy induction in response to carbon starvation
In the absence of catabolite repression, autophagy is induced in cells that have been subjected to carbon starvation, as shown in Fig. 4C . A central player in catabolite repression is Snf1, a kinase that is activated when the concentration of glucose drops below a certain threshold (21) . We next examined whether Snf1 is required for autophagy induction when cells are subjected to carbon starvation. As Snf1 is essential for respiratory growth, we used the auxin-inducible degron (AID) system to conditionally knock down Snf1 expression. We first confirmed that levels of Snf1 in cells with AID-tagged Snf1 (Snf1-AID) were knocked down effectively when cells were treated with indole-3-acetic acid (IAA) (Fig. 4F) . When subjected to carbon starvation, autophagy induction was blocked in cells expressing Snf1-AID when IAA was added to culture medium (Fig. 4F ). Next, we examined autophagy induction in cells lack-Figure 4. Extent of autophagy in response to carbon starvation is highly correlated with oxygen consumption rate. A, WT and atg2⌬ cells expressing GFP-Atg8 grown in the presence of indicated carbon sources were exposed to carbon starvation for 5 h. The cleavages of GFP-Atg8 and Ape1 maturation were analyzed by immunoblotting with antibodies against GFP, Ape1, and Pgk1. Pgk1 was used as a loading control. B, oxygen consumption rate in cells grown in indicated carbon sources was measured. A correlation between oxygen consumption and autophagy activity (upper) or Atg8 protein level (lower) is shown. Extent of autophagy was shown as the ratios of free GFP band intensities and total GFP ones (GFP-Atg8 and free GFP) acquired from A. Error bars denote S.D. C, WT, hxk1⌬hxk2⌬. or atg2⌬ cells expressing GFP-Atg8 grown in glucose were exposed to carbon starvation for 5 h. Immunoblotting was performed as described in A. D, oxygen consumption rate in WT or hxk1⌬hxk2⌬ cells grown in glucose medium was measured. Error bars denote S.D. **, p Ͻ 0.05 by Student's t test. E, WT and atg2⌬ cells expressing GFP-Atg8 grown in glucose at the indicated cell densities were exposed to carbon starvation for 5 h. Immunoblotting was performed as described in A. F, WT, Snf1-AID, or atg2⌬ cells expressing GFP-Atg8 grown in glycerol medium were treated with IAA for 30 min before being subjected to carbon starvation for 5 h. Immunoblotting was performed as described in A. G, oxygen consumption rate in WT or reg1⌬ cells grown in glucose medium was measured. Error bars denote S.D. **, p Ͻ 0.05 by Student's t test. H, WT, reg1⌬, snf1⌬, or atg1⌬ cells expressing GFP-Atg8 grown in glucose medium were exposed to carbon starvation for 5 h. Immunoblotting was performed as described in A.
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ing Reg1. Because the Reg1-Glc7 complex negatively regulates Snf1 activity (21) , reg1⌬ cells are able to respire even in the presence of glucose (Fig. 4G ). As for hxt1⌬hxt2⌬ cells, in reg1⌬ cells, carbon starvation-induced autophagy even in cells grown in glucose medium (Fig. 4H) , indicating that Snf1 activity is required for autophagy induction upon carbon starvation.
Activation of PKA and Torc1 suppresses autophagy induction in response to carbon starvation
cAMP-dependent protein kinase (PKA) and Torc1 negatively regulate autophagy induction (38 -40) . We therefore set out to determine whether these pathways are involved in the regulation of carbon starvation-induced autophagy. First, we monitored PKA activity (Fig. 5A ) by assessing the phosphorylation of Cki1, a reporter of PKA activation. We used the first 200 amino acids of Cki1 containing mutations at two known protein kinase C sites (S25A and S30A) making its phosphorylation exclusively PKA-dependent (Ser-185) (41) . In cells growing in the presence of glucose, the phosphorylation level of Cki1 was high ( Fig. 5A, glucose) . When these cells were subjected to carbon starvation, the phosphorylation dropped immediately (Fig. 5A, glucose) . In contrast, in cells grown in glycerol medium, the degree of Cki1 phosphorylation was lower than that of cells grown in glucose medium (Fig. 5A, glycerol) . This phosphorylation was unchanged in response to carbon starvation ( Fig. 5A, glycerol) . We next examined whether activation of PKA suppresses carbon starvation-induced autophagy. PKA activity is up-regulated by deletion of Bcy1, a protein that encodes the regulatory subunit of PKA (42) . We used the AID system to conditionally knock down the expression of Bcy1 as Bcy1 is essential for growth on nonfermentable carbon sources. Cells expressing AID-tagged Bcy1 (AID-Bcy1) showed efficient knockdown of Bcy1 when treated with IAA (Fig. 5B ). The level of AID-Bcy1 decreased upon carbon starvation (Fig. 5B ). In cells grown in glycerol medium, the cleavage of GFP was reduced in cells expressing AID-Bcy1 that were subjected to carbon starvation, even in the absence of IAA. This indicated that AID tagging itself affects the function of Bcy1 to some degree. In addition, in cells grown in glucose, carbon starvation-induced autophagy observed in reg1⌬ cells was blocked by knockdown of Bcy1 (Fig. 5C ). Thus, these results indicate that activation of PKA suppresses carbon starvation-induced autophagy.
Next, we monitored Torc1 activity (Fig. 5D ). To monitor Torc1 activity, we examined the phosphorylation level of Atg13 (Fig. 5D ), a substrate of Torc1 that is hyperphosphorylated under nutrient-rich conditions. When subjected to starvation conditions such as nitrogen starvation or rapamycin treatment, Atg13 is dephosphorylated and initiates the assembly of the PAS and consequently autophagosome formation (43, 44) . In grown in glucose or glycerol medium were subjected to carbon starvation. Phosphorylation was analyzed by immunoblotting with antibodies against HA. R denotes addition of rapamycin. ϩC denotes addition of carbon source. B, WT, AID-Bcy1, or atg2⌬ cells expressing GFP-Atg8 grown in glycerol medium were treated with IAA for 1 h and exposed to carbon starvation for 5 h. The cleavages of GFP-Atg8 at the indicated time were analyzed by immunoblotting with antibodies against GFP, Ape1, AID, and Pgk1. Pgk1 was used as a loading control. C, WT, reg1⌬, AID-Bcy1, or reg1⌬AID-Bcy1 cells expressing GFP-Atg8 grown in glucose medium were treated with IAA for 1 h and exposed to carbon starvation for 5 h. Immunoblotting was performed as described in B. D, cells grown in glucose or glycerol medium were exposed to carbon starvation. The phosphorylation status of Atg13 was analyzed by immunoblotting with antibodies against Atg13. R denotes addition of rapamycin. ϩC denotes addition of carbon source. E, WT, sch9⌬, atg2⌬, sch9⌬ harboring plasmids for Sch9(WT) or Sch9(2D3E) cells expressing GFP-Atg8 grown in glycerol medium were exposed to carbon starvation for 5 h. Immunoblotting was performed as described in B. F, WT, npr2⌬npr3⌬, or atg1⌬ cells expressing GFP-Atg8 grown in glucose or glycerol medium were exposed to carbon or nitrogen starvation for 5 h. Immunoblotting was performed as described in A.
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cells growing in the presence of glucose, Atg13 was extensively phosphorylated (Fig. 5D ). This phosphorylation was drastically reduced when cells were subjected to carbon starvation, similarly to that of Cki1 (Fig. 5D ). In contrast, Atg13 phosphorylation was limited in glycerol-grown cells maintained under nutrient-replete conditions, a phenotype that was unchanged when cells were subjected to carbon starvation (Fig. 5D ).
We next examined whether activation of Torc1 suppresses carbon starvation-induced autophagy (Fig. 5E ). Sch9 is a substrate of Torc1, and hyperactive mutants of Sch9 are able to suppress the induction of autophagy by rapamycin treatment (45, 46) . We used a hyperactive mutant of Sch9 (Sch9 2D3E ), in which five phosphorylation sites are substituted with acidic residues (T723D, S263D, T737E, S758E, and S765E). In cells grown in glycerol medium, expression of this hyperactive Sch9 mutant resulted in impaired expression of GFP-Atg8 and blocked autophagy induction when subjected to carbon starvation (Fig. 5E ). These results indicate that activation of Torc1 suppresses autophagy induction upon carbon starvation. Furthermore, we also examined the effect of deletion of Npr2 and Npr3 on carbon starvation-induced autophagy (Fig. 5F ). Npr2/3 are components of the SEA (Seh1-associated) complex, which transmits nitrogen or amino acids starvation signals to Torc1. Therefore, autophagy induction is suppressed in cells lacking Npr2/3 when cells grown in glucose medium are subjected to nitrogen or amino acid starvation (47, 48) . However, the induction of carbon starvation-induced autophagy was unperturbed in npr2⌬npr3⌬ cells grown in glycerol medium (Fig. 5F) , indicating that the SEA complex is not required for carbon starvation-induced autophagy.
Intracellular ATP is required for the induction of autophagy during carbon starvation
As shown in Figs. 1 and 5, autophagy was not observed in glucose-grown cells subjected to carbon starvation, although the substrates of PKA and Torc1 were rapidly dephosphorylated under these conditions. We therefore focused on the metabolic status of cells upon carbon starvation. We monitored intracellular ATP levels in cells grown in glucose or glycerol medium when subjected to carbon starvation (Fig. 6A ). In cells grown in glucose, the intracellular ATP level dropped immediately after carbon starvation (Fig. 6A ). This decline persisted for at least 3 h following the onset of carbon starvation (Fig. 6A) . In contrast, the ATP levels in cells grown in glycerol medium were maintained during carbon starvation (Fig. 6A ). Oxygen consumption in cells grown in glycerol medium following carbon starvation was observed, but oxygen consumption was not apparent in glucose-grown cells (Fig. 6B) . The intracellular ATP level and oxygen consumption rate phenotypes were also reproduced in reg1⌬ cells (Fig. 6, C and D) .
We also examined the effect of antimycin A, a cytochrome c reductase inhibitor, on carbon starvation-induced autophagy (Fig. 6, E and F) . Treatment with antimycin A resulted in a decrease in intracellular ATP levels in cells grown in glycerol medium following carbon starvation (Fig. 6F ) and inhibited progression of autophagy under carbon starvation conditions (Fig. 6E) . These results indicate that mitochondrial activity is required for the maintenance of intracellular ATP levels and autophagy induction during carbon starvation conditions. Finally, we examined the effect of a shift from media containing 2% glucose to media containing trace amounts of glucose on autophagy induction. When cells were shifted to medium containing 0.05% glucose, autophagy induction was observed from 1 h after this shift (Fig. 6G) , whereas a shift to medium containing 0.2% glucose resulted in a delay in autophagy induction (from 3 h, Fig. 6G ), suggesting that autophagy is induced upon the exhaustion of glucose in the medium. We also observed that such a shift to medium containing small amounts of glucose resulted in the maintenance of intracellular ATP levels (Fig.  6H) . Taken together, these results indicate that the maintenance of intracellular ATP levels following carbon starvation is essential for autophagy induction.
Autophagy is required for the maintenance of cell viability during carbon starvation
We next examined the physiological relevance of autophagy in response to carbon starvation. In response to nitrogen starvation, cells enter a state in which the cell cycle slows and is ultimately arrested at G 1 /G 0 phase (49, 50) . To determine whether this phenomenon is relevant to carbon starvationinduced autophagy, we monitored cell growth during nitrogen or carbon starvation in cells grown in glucose or glycerol medium (Fig. 7A) . When cells are grown in glucose medium, the onset of nitrogen starvation allows limited cell proliferation, whereas growth immediately ceases upon carbon starvation (Fig. 7A ). In the case of glycerol-grown cells, nitrogen starvation supported only modest cell growth, whereas carbon starvation immediately prevented any further cell growth (Fig. 7A) , indicating that autophagy is not at all able to support cell growth during carbon starvation.
Studies have shown that glucose-grown cells defective in autophagy show a dramatic decrease in viability when subjected to nitrogen starvation due to the inadequate supply of autophagic flux-derived amino acids (2, 6, 51) . In terms of carbon starvation, it has been reported that no change in viability is observed when glucose-grown cells defective in autophagy are subjected to carbon starvation (29) . We therefore assessed the viability of cells grown in glycerol medium during carbon starvation ( Fig. 7B) , finding that the viability of wild-type cells reduced gradually over 4 weeks (Fig. 7B) . In contrast, cells defective in autophagy (atg1⌬ or atg2⌬ cells) displayed significantly decreased viability after 3 weeks of carbon starvation. These results therefore indicate that autophagy plays an important role in the maintenance of cell viability during carbon starvation.
Discussion
In this study, we investigated how growth conditions affect carbon starvation-induced autophagy in S. cerevisiae. Our data indicate that autophagy is induced by carbon starvation when catabolite repression does not occur. Autophagy is not induced when cells grown to the log phase of growth in glucose are subjected to carbon starvation (Fig. 1A) . In contrast, autophagy was observed upon carbon starvation of cells grown in nonfermentable carbon sources or in glucose-grown cells undergoing diauxic shift ( Figs. 1 and 4E) . These observations support previous reports that carbon starvation-induced autophagy is
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inhibited in cells grown to log phase on glucose and requires the Hsp31 minifamily of proteins, which is essential for the transition to diauxic shift (26, 29) . Together, these findings suggest that autophagy induction in response to carbon starvation occurs only in the absence of catabolite repression. This finding complements our observation that the level of autophagy induction in response to carbon starvation is highly correlated with the cellular oxygen consumption rate, which is suppressed as a consequence of catabolite repression (Fig. 4, A and B) . In addition, we found that autophagy induction in response to carbon starvation required the activation of Snf1, which is a key regulator of catabolite repression (Fig. 4, F-H) . These results provide strong evidence that carbon starvation-induced autophagy requires derepression of catabolite repression.
As shown in Figs. 1 and 5 , autophagy was not induced in cells grown in glucose medium upon carbon starvation, although the signaling requirements for autophagy induction appear to have been met. Thus, this inhibition of autophagy induction upon carbon starvation is likely due to differences in the metabolism of cells grown in fermentable and non-fermentable carbon sources. In particular, when cells are grown in glucose, intracellular ATP is exhausted rapidly when subjected to carbon starvation ( Fig. 6A) (52) (53) (54) . During autophagosome formation, cells require ATP for the conjugation of Atg8 and Atg12-Atg5, in addition to autophagy-related kinase activities (Atg1 and PI3K) (55) . However, microscopic analysis revealed that in cells grown in glucose medium, the accumulation of scaffold proteins to the PAS was not observed upon carbon starvation (Fig. 2) . This result suggests that ATP is required before PAS formation. Meanwhile, for cells in which catabolite repression does not occur, the intracellular ATP level is maintained following the onset of carbon starvation (Fig. 6, A and C) (53, 54) . We therefore interpret these data as suggesting that cells require mitochondrial activity to maintain intracellular ATP levels during carbon starvation.
It has previously been reported that rapamycin treatment after carbon starvation leads to autophagy induction in cells grown in Figure 6 . Intracellular ATP level is correlated with autophagy induction in response to carbon starvation. A and B, WT cells grown in glucose or glycerol medium were exposed to carbon starvation. Intracellular ATP or oxygen consumption rates were measured. Error bars denote S.D. **, p Ͻ 0.05 by Student's t test (n ϭ 3). C and D, WT or reg1⌬ cells were grown in glucose medium and exposed to carbon starvation. Intracellular ATP or oxygen consumption rates were measured. Error bars denote S.D. **, p Ͻ 0.05; *, p Ͻ 0.5 by Student's t test (n ϭ 3). E, WT and atg2⌬ cells expressing GFP-Atg8 grown in glycerol medium were exposed to carbon starvation in the presence of antimycin A (5 M) for 5 h. The cleavage of GFP-Atg8 was analyzed by immunoblotting with antibodies against GFP and Pgk1. Pgk1 was used as a loading control. F, cells grown in glycerol medium were exposed to carbon starvation with antimycin A (5 M) for 3 h. Intracellular ATP level was measured. Error bars denote S.D. **, p Ͻ 0.05 by Student's t test (n ϭ 3). G, WT and atg2⌬ cells expressing GFP-Atg8 grown in glucose medium were shifted to medium containing indicated concentrations of glucose. The GFP-Atg8 and Ape1 maturation were analyzed by immunoblotting with antibodies against GFP, Ape1, and Pgk1. Pgk1 was used as a loading control. H, cells grown in glucose medium were shifted to medium containing 0.05% glucose. Intracellular ATP level was measured. Error bars denote S.D. **, p Ͻ 0.05 by Student's t test (n ϭ 3).
glucose medium (29, 56) . However, in our experiments, rapamycin treatment after carbon starvation did not result in the induction of autophagy (data not shown). As shown in Fig. 5D , rapamycin did not enhance the dephosphorylation of Atg13 by carbon starvation. These findings indicate that treatment with rapamycin does not show any additional effect in carbon starvation-induced autophagy in cells grown in glucose medium.
A range of studies have demonstrated the induction of autophagy in glucose-grown cells at the log phase of growth in response to carbon starvation (23, 25, 27) . Although we were unable to observe the induction of autophagy under these conditions ( Fig. 1A) , autophagy induction was apparent in cells shifted to media containing concentrations of glucose below the threshold required for catabolite repression (Fig. 6G) (57) . We also observed that a shift to media containing glucose at these low concentrations resulted in the maintenance of intracellular ATP levels following the onset of carbon starvation (Fig. 6H) . These results suggest that trace amounts of glucose within media, which results in a switch from fermentative to respiratory metabolism, allows the maintenance of intracellular ATP levels, thereby facilitating autophagy induction. We therefore suspect that the autophagy induction observed in the other studies noted above may be caused by residual glucose not completely eliminated from culture media, for example by extensive washing of cells. This explanation accounts for the reported discrepancies in autophagy induction under carbon starvation conditions. Mammalian cells exhibit high respiratory activity and generate ATP via oxidative phosphorylation, even in the presence of glucose (58) . The results presented in this study can therefore be reconciled with previous reports that autophagy is induced during carbon starvation conditions in mammalian cells (59) . This autophagy induction upon carbon starvation was prevented by hypoxia but not normoxia (60) . This finding tallies with our finding that treatment with antimycin A, which inhibits mitochondrial electron transport, prevents carbon starvation-induced autophagy (Fig. 6E ). Thus, these data suggest that mammalian cells may require mitochondrial activity to induce autophagy in response to carbon starvation.
In S. cerevisiae, autophagy induction triggered by nitrogen starvation or treatment with rapamycin requires Atg17, which acts as the primary scaffold protein of the PAS but not Atg11, which is implicated in receptor-mediated autophagy. Here, we showed that autophagy in response to carbon starvation requires Atg11 as a scaffold protein for the PAS (Fig. 3 ). In yeast strains other than S. cerevisiae, Atg11 is required for bulk autophagy. For example, the thermotolerant yeast Kluyveromyces marxianus requires Atg11 for autophagy induced by rapamycin treatment (61) , and the fission yeast Schizosaccharomyces pombe employs Atg11 as an essential component of autophagy induction upon nitrogen starvation (62) . When S. cerevisiae is grown in the presence of glucose, cells convert glucose to ethanol even under aerobic conditions. During fermentation, cells acquire energy from glycolysis and fermentation but not oxidative respiration. This regulatory system is referred to as the Crabtree effect. In comparison with S. cerevisiae, the Crabtree effect is much less pronounced in K. marxianus and S. pombe (63) . In our experiments, autophagy induction in response to carbon starvation was observed in respiring cells but not fermenting cells (Fig. 4) . These findings therefore may suggest that Atg11 is involved in bulk autophagy induction when cells acquire energy by respiratory metabolism.
In this work, we showed that autophagy induction under carbon starvation is negatively correlated with catabolite repression. However, additional experiments are needed to further understand the relationship between autophagy induction and changes in the metabolic status of the cell in response to carbon starvation. Future studies in yeast will address these important questions in further detail.
Experimental procedures
Yeast strains and growth conditions
Yeast strains used in this study are listed in Table 1 . Gene deletions and epitope tagging of genes at endogenous loci were constructed by PCR-based methods and were validated by PCR (64, 65) . The strains for the AID-mediated deletion of proteins Figure 7 . Autophagy induction is required for the maintenance of homeostasis during carbon starvation. A, cells grown in glucose or glycerol medium were exposed to nitrogen or carbon starvation, and A 600 values were measured. Error bars denote S.D. **, p Ͻ 0.05 by Student's t test (n ϭ 3). B, WT, atg1⌬, and atg2⌬ cells grown in glycerol medium were exposed to carbon starvation. At indicated time cultures were diluted 1 ϫ 10 5 -fold and plated onto YPD agar. The plates were incubated at 30°C for 4 days. The number of colonies on plates was counted. Error bars denote S.D. **, p Ͻ 0.05 by Student's t test (n ϭ 3). Arrowhead indicates culture re-growth ("gasping") (68, 69) .
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were constructed by adding the AID tag sequence to the C termini of Snf1 or the N termini of Bcy1 (66, 67) . Cells were inoculated from plates into YPD medium and grown overnight. Cultures were then diluted in synthetic medium (0.17% yeast nitrogen base without amino acids and ammonium sulfate, 0.5% ammonium sulfate, 0.5% casamino acid, 0.002% tryptophan, 0.002% adenine, and 0.002% uracil) containing 2% glucose (glucose medium) or 2% glycerol and 0.1% glucose (glyc- Autophagy induction under carbon starvation conditions erol medium) and grown until log phase. Following this, cultures were again diluted in glucose or glycerol medium and cultured overnight. Cells at A 600 ϭ 0.6 were then harvested and washed twice with distilled water before being transferred to carbon starvation medium (0.17% yeast nitrogen base without amino acids and ammonium sulfate, 0.5% ammonium sulfate, 0.5% casamino acids, 0.002% tryptophan, 0.002% adenine, and 0.002% uracil). 0.1% glucose was supplemented to glycerol media to accelerate the onset of growth. After overnight culture on glycerol medium, glucose was completely consumed, and cell growth is on glycerol. The same procedure was employed to preculture cells on other carbon sources, including galactose, raffinose, acetate, ethanol, and lactate. For rapamycin treatment, rapamycin (LC Laboratories) was added to a final concentration of 200 ng/ml, and the same volume of DMSO was added to control samples. For auxin treatment, IAA (Nacalai Tesque) was added to a final concentration of 0.5 mM, and the same volume of DMSO was added to control samples (66) .
Plasmid construction
All plasmids used in this study are listed in Table 2 .
Immunoblotting
Yeast cell pellets were suspended in 100 l of 10% trichloroacetic acid, kept on ice for 5 min, and centrifuged at 15,000 ϫ g for 5 min. The pellets were washed with 1 ml of cold acetone, dried at room temperature, and suspended in SDS sample buffer followed by cell disruption at room temperature using FastPrep-24 (MP Biomedicals) and 0.5-mm YZB zirconia beads (Yasui Kikai). These samples were centrifuged at 15,000 ϫ g for 5 min, incubated with agitation at 65°C for 10 min, and centrifuged at 15,000 ϫ g for 5 min. The supernatants were used for immunoblotting analysis. Antibodies against GFP (11814460001; Roche Applied Science), AID (BioROIS), Pgk1 (Invitrogen), HA (3F10; Roche Applied Science), Ape1 (laboratory stock), and Atg13 (43) were used for the detection of relevant proteins. Horseradish peroxidase-conjugated antibodies (Jackson ImmunoResearch) were used as secondary antibodies. Chemiluminescence signals produced by substrate for HRP enzyme (FEMTOGLOW Plus ; Michigan Diagnostics) were detected using a CCD camera system (LAS4000; GE Healthcare).
Microscopic image acquisition
Fluorescence microscopy was performed at room temperature using an inverted fluorescence microscope (IX81; Olympus) equipped with an electron-multiplying CCD camera (Ima-gEM C9100-13) and a 150ϫ objective lens (UAPON 150ϫ OTIRF, NA/1.45; Olympus). GFP and mCherry were excited using a 488-nm blue laser (50 milliwatts; Coherent) and a 561-nm yellow laser (50 milliwatts; Coherent), respectively. Fluorescence was filtered with a Di01-R488/561-25 dichroic mirror (Semrock) and an Em01-R488/568-25 bandpass filter (Semrock) and separated into two channels using a U-SIP splitter (Olympus) equipped with a DM565HQ dichroic mirror (Olympus). The fluorescence was further filtered using an FF02-525/50-25 bandpass filter (Semrock) for the GFP channel and an FF01-624/40-25 bandpass filter (Semrock) for the mCherry channel. Images were acquired and processed using the MetaMorph software (Molecular Devices).
Oxygen consumption of cells
Respiration of yeast cells was measured noninvasively at room temperature using a Fibox3 oxygen meter (PreSence) with continuous stirring. Cells growing at the indicated growth phase were collected before dilution at A 600 ϭ 2.0 in phosphate buffer (0.1 M, pH 5.8) and monitoring of oxygen consumption.
Determination of cell viability
Cells initially grown in glycerol were exposed to carbon-starvation medium. At the indicated time points, cultures were diluted 1.0 ϫ 10 5 -fold and plated onto YPD agar plates. Plates were incubated at 30°C for 4 days and colonies numbers counted.
ATP measurement
A 600 ϭ 1.0 of cells was washed, collected by centrifugation, and frozen using liquid nitrogen. The pellets were resuspended in 2.5% trichloroacetic acid and then diluted 1:50 with 25 mM Tris-HCl, pH 8.8. 20 l of the samples was assayed using the ENLITEN ATP assay kit (Promega). Luminescence signals were detected using a multimode microplate reader (Varioskan Lux; Thermo Fisher Scientific).
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